Introduction
Cryptosporidium , a gastrointestinal protozoan parasite, is increasingly being identified as a cause of diarrhoeal disease in humans. During the 1980s Cryptosporidium emerged as a common cause of infection in both developed and developing nations. The infection rate for individuals with diarrhoeal illness is 2 per cent in industrialized countries and 5-10 per cent in Third World countries. Cryptosporidiosis caused by C. parvum, is thought to be responsible for up to 500 million infections annually in Asia, Africa and Latin America (Current and Garcia, 1991) . While cryptosporidiosis may cause acute, self-limiting diarrhoea in otherwise healthy people, infection in the immuno-compromised, such as those with AIDS, may be severe and lifethreatening. The infection rate for AIDS patients is 10 per cent in the USA and 30-50 per cent in developing countries (Petersen, 1993) .
Several species of the genus Cryptosporidium are known, but C. parvum is considered to be the species responsible for cryptosporidiosis in humans and domestic mammals (Current, 1987) . The organism has a faecal-oral mode of transmission. It is transmitted in the form of environmentally stable, robust oocysts which have been excreted in the faeces of infected hosts (human or animal). The oocysts may be ingested in food, drink or transferred from hand to mouth.
Low levels of cryptosporidial oocysts are ubiquitous in the water environment. They may be commonly detected in cool, moist environments including polluted, pristine and potable water sources (Lisle and Rose, 1995) , and can survive several months in soil or water. Oocysts are resistant to most commonly used disinfectants including chlorine (Korich et al., 1990) . In vitro excystation tests on Cryptosporidium oocysts showed that a free chlorine level of 16,000 mg/l was required for zero viability (Smith and Rose, 1990) . Conventional filtration of water decreases the level of Cryptosporidium in water supplies (Korich et al., 1990; Madore et al., 1987) , but oocysts are frequently detected at low levels in potable water (LeChevallier et al., 1991a) , as they can overwhelm standard treatment barriers. There is increasing evidence that water-borne outbreaks of cryptosporidiosis are associated with transient high local concentrations of C. parvum. Oocysts are difficult to identify and enumerate using routine testing techniques and it is especially difficult to detect transient elevations using routine monitoring programmes.
The paucity of information on recently identified pathogens such as C. parvum in water sources has obvious public health implications. Water supply companies cannot guarantee that their treated product is Cryptosporidium-free. The consumption of sufficient viable oocysts can result in infection of the hosts. A number of documented water-borne outbreaks have occurred in the UK, Canada and the USA. During the outbreak of cryptosporidiosis in Milwaukee, in the USA in 1993, contamination of a large municipal water supply led to approximately 400,000 people becoming ill (Fox and Lyttle, 1994; MacKenzie et al., 1994) . This was the largest outbreak of water-borne disease ever reported in the USA (Berkelman, 1994) .
Cryptosporidium has become the most important new contaminant for control in drinking water in the USA (Lisle and Rose, 1995) . The organism has a similar status in the UK and has attracted attention within the water industry as the consequence of a number of outbreaks of water-borne disease. Some researchers believe that, at present, many small outbreaks go undetected. It is alleged that, in the UK, some outbreaks are not investigated (ENDS, 1995a) .
Human cryptosporidiosis
The first cases of human cryptosporidiosis were described in the mid-1970s (Nime et al., 1976) although the majority have been documented since 1980. In the 1970s, the parasite was considered an opportunistic pathogen, because the symptoms were recognized only among those who were immuno-suppressed, such as AIDS patients. By the mid-1980s it was realized that there were cases of infection in otherwise healthy, immuno-competent people. Fayer and Ungar, 1986) . It has been reported that, in the UK, approximately 60 per cent of positive findings are from children (Casemore, 1990 ). Most infections are reported for children under school age, due to their immunological immaturity and increased faecal-oral transmission of the pathogen especially in day-care nurseries. The susceptibility of young children in day-care centres has been demonstrated by a number of documented outbreaks (Cordell and Addiss, 1994; Ungar, 1990) .
Infective dose
The infective dose of oocysts is low when compared with bacterial or viral pathogens, but similar to Giardia intestinalis. The potential for water-borne or food-borne transmission of the disease is considerable. A median infective dose of 132 oocysts has been calculated for healthy individuals in a study involving volunteers without serological evidence of previous cryptosporidiosis (Dupont et al., 1995) . In the study an oral dose of only 30 oocysts initiated the infection in 20 per cent of the volunteers.
Symptoms
Once infective oocysts are ingested, the lifecycle of the organism can be completed within the gut of the host, often resulting in wide-ranging symptoms of the disease cryptosporidiosis. The disease is sometimes asymptomatic, but infection may result in an uncomfortable, although self-limited, diarrhoeal illness in immuno-competent people. Symptoms may last for weeks. The diarrhoea may be profuse, foul-smelling and watery (an average three litres per day). In addition to diarrhoea, clinical symptoms vary, but may include malabsorption, a flu-like illness, malaise, abdominal pain, nausea and vomiting, loss of appetite and weight loss (Fayer and Ungar, 1986) .
There may be recurrent bouts of diarrhoea. During the Milwaukee epidemic, recurrence was a common complaint of individuals who had laboratory-confirmed cryptosporidiosis, 39 per cent, (MacKenzie et al., 1995) . The bouts of diarrhoea lasted an average of two days (range 1-14 days) after 2-14 days of normal stools.
The disease is regarded as a serious, even life-threatening infection in some immunosuppressed patients, especially in those with advanced-stage AIDS, with fluid losses of up to 20 litres per day in more severe cases. Following the Milwaukee epidemic, many of those who were immuno-compromised died. At present no specific drug treatment is licensed for the parasite (Current, 1994) , although several studies indicate that an aminoglycoside, Paromomycin, may be useful in treatment and palliation of cryptosporidiosis (Fichtenbaum et al., 1993; Healey et al., 1995) .
Life cycle
The life cycle involves both asexual and sexual multiplication and occurs within the gastrointestinal tract. Following excystation in the gut, and the subsequent developmental stages, mature oocysts appear in faeces after approximately 3-11 days in humans. There may be repeated cycles of autoinfection.
Excystation
Oocysts are spherical in shape and 4-6µm in diameter. They each contain four spindleshaped, motile sporozoites. Once viable oocysts in food, water or from the general environment are ingested or inhaled by a suitable host, either human or animal, they release their sporozoites through an opening in the oocyst wall. This process is known as excystation and occurs in response to the availability of the proteolytic enzymes and bile salts within the small intestine.
The sporozoites infect intestinal epithelial cells, becoming embedded at the base of the microvilli. The intracellular sporozoites then initiate the asexual multiplication stages of the life cycle. Following these stages the sexual stages result in the production of zygotes from the fusion of the gametes. Each zygote develops into an oocyst which becomes detached from the intestinal epithelial cell.
A proportion of the zygotes (20 per cent) have a relatively thin single unit membrane surrounding the sporozoites. They are responsible for autoinfection. During their passage within the intestine, these oocysts rupture, releasing their sporozoites, causing reinfection of the host. Despite this mechanism, the disease is self-limited in individuals with normal immune functions; the infection will clear spontaneously within a few weeks (Current and Garcia, 1991) .
Oocyst shedding
The majority of the oocysts (80 per cent) develop an impervious two-layered outer wall before entering the lumen of the gut (Current and Garcia, 1991 (Barer and Wright, 1990) . AIDS patients with associated cryptosporidiosis have excreted up to 1.2 × 10 9 per cent oocysts in 24 hours (Goodgame et al., 1993) .
Few animals excrete C. parvum oocysts after weaning, but infected calves and lambs can excrete up to 10 10 per cent oocysts daily for 14 days (Badenoch, 1990) . A study by Casey (1991) reported that up to 10 7 per cent oocysts per gram of faeces were shed by infected calves. Oocysts are immediately infective on excretion in the faeces.
Reservoirs and modes of transmission

Sources of contamination
There is epidemiological evidence for the cross-transmission of C. parvum between various host species including humans (Casemore, 1993) . Infection with C. parvum occurs in livestock animals, especially cattle and sheep. Both wild and domestic animals may be important reservoirs of human infection, contributing also to the contamination of the environment. The epidemiology is complex with both direct and indirect routes of transmission. Apart from direct contact (i.e. zoonotic and person-to-person spread), water, food and household items may be vehicles of transmission of cryptosporidial infection.
Zoonotic transmission
Zoonotic transmission of infection from handling of livestock, especially cattle and sheep, is well documented, but there is no evidence that livestock are the primary means of transmission. The relative importance of crosstransmission between species has been queried. It is unknown whether there exists a predominant animal as opposed to human transmission cycle with linkage coming from sporadic zoonotic transmission. The impact of the cycles on the potential for water-borne transmission is also unknown.
Person-person transmission
Up to a quarter of cases of infection may be directly zoonotic, with the rest mainly due to person-person transmission and the waterborne route (Public Health Laboratory Service Study Group, 1990) . Lack of personal hygiene and faecal incontinence are important factors in person-person transmission, which is the most frequent mode of transmission among humans (Pozio et al., 1992) .
Infection may be derived from an animal source and then person-person spread can result in an outbreak in the community, particularly in families or playgroups (Simmons, 1991) . It has been reported that in England and Wales up to a quarter of the cases of cryptosporidiosis are followed by cases of gastroenteritis among other members of the household (Public Health Laboratory Service Study Group, 1990) .
Following the Milwaukee epidemic, the risk of secondary transmission to household members from adult visitors to the area who had developed cryptosporidiosis was investigated (MacKenzie et al., 1995) . A 5 per cent rate of secondary transmission was reported. The rate is lower than that which may be associated with outbreaks in day-care centres for young children. The investigators indicated that the age of the primary case may influence the rate.
Water-borne transmission
Water which has been contaminated by human or animal faeces represents a significant route of transmission . Several community outbreaks of cryptosporidiosis in the UK and the USA have been linked with mains water supply. During the summer of 1995 a major outbreak of the disease with 355 confirmed cases occurred in south-west England. The outbreak was suspected to be water-borne by the control team (ENDS, 1995b) .
The high output of oocysts from infected young livestock, together with the broad host range, ensures a high level of contamination in the environment. This situation may favour both water-borne transmission of the disease through contamination of the watershed (Smith and Rose, 1990 ) and zoonotic transmission in rural areas (Current et al., 1983) . Also, there is some evidence that the oocysts which cause water-borne outbreaks often come from failed sewage treatment systems. The first documented water-borne outbreak of the disease, which occurred in San Antonio, Texas, was linked to sewage leakage into well water which was treated only by chlorination (D'Antonio et al., 1985) .
Food-borne transmission
Outbreaks attributed to contamination of food by infected food handlers have not been reported. Unless the hygiene of food handlers is poor, infection through this seems unlikely, as the most prevalent route is faecal-oral.
Animal food products and potentially contaminated foods which have not been processed using heat or drying techniques may be vectors of cryptosporidiosis (see Donnelly and Stentiford, 1997) . Epidemiological evidence has implicated certain foods such as untreated milk, undercooked sausage meat and offal as sources in outbreaks (Badenoch, 1990) . The first documented large outbreak of food-borne cryptosporidiosis occurred recently (Millard et al., 1995) : the investigation team found that the source of the outbreak was a non-alcoholic cider made from apples, freshly pressed during a school agricultural fair in the USA. It was suggested that the farm-collected apples had been contaminated by calf faeces on the ground before or during their harvest. The apples had been inadequately washed prior to pressing.
Immunity in the population
Strict control of C. parvum in water supplies could reduce the community reservoir of infection and its consequent spread (Stanwell-Smith, 1991) . However, the presence of oocysts in potable water may not necessarily mean that the exposed population is at risk, because low concentrations may frequently be detected in final waters with no evidence of disease in the community (although the water-borne route may be implicated when clusters of cryptosporidiosis cases are associated with potable water.)
Risk assessment models suggest that contamination of water sources may contribute to an endemic level of disease (Lisle and Rose, 1995) , or an increased level of immunity in the exposed population, or both (Grimason et al., 1990) . Many members of a community may be immune to infection and low levels of oocysts may be present in potable supplies without a subsequent significant elevation in the incidence of disease, i.e. there are insufficient susceptible community members to cause an outbreak. There is more likelihood of an outbreak when a community has few with immunity and many susceptibles. During a suspected water-borne outbreak of cryptosporidiosis in a resort area in south-west England during 1995, the groups reported to be most affected were those too young to have been affected by earlier outbreaks and those who have recently moved to the area to retire (ENDS, 1995b) .
With regard to food-borne infection, it seems that regular consumers of raw milk maintain their immunity, preventing symptomatic infection (Badenoch, 1990) .
Occurrence in the water environment
Surveys of water sources
Cryptosporidium contamination is widespread in the water environment and it seems that Cryptosporidium oocysts may be found in waters quite commonly, including treated drinking water. An American survey (Rose et al., 1991) found that 28 per cent of treated drinking water samples contained oocysts, although levels were also quite low (0.002-0.009 /litre).
Oocysts are not normally detected in groundwaters unless these are under the direct influence of surface water. From our current knowledge of the organism and its close association with livestock, it seems probable that most of the oocysts found in both surface and ground waters derive from farming practices which result in oocysts from faeces entering watercourses.
A survey of surface and groundwaters by the National Cryptosporidium Survey Group (NCSG) (1992) indicated the occurrence of oocysts in British water sources. Levels of environmental oocysts reported from UK surveys are often lower than those reported by American workers, especially in studies involving large industrialized rivers (NCSG, 1992) . This survey group reported the results of sampling of three rivers and six boreholes carried out over several months. Sampling of river water revealed that, while oocyst concentrations were very low, 30 per cent of samples were positive (average 0.25/litre maximum 4.0/litre). There was a notable absence of oocysts in two of the three rivers. Analysis of the borehole sample results revealed that only eight of 138 samples from one region were positive for oocysts (average 0.25 oocysts/litre), and all the samples from three boreholes in another region were negative.
The results of a survey in Scotland indicated that 40 per cent of Scottish raw waters sampled and 40 per cent of treated water sampled contained oocysts. Maximum levels of oocysts were lower in the treated water compared with the untreated water (0.007-0.72/litre and 0.006-2.3/litre respectively). Peak levels of oocysts in untreated water samples did not correlate with peaks in the treated water samples.
Since the outbreak of cryptosporidiosis in Swindon and Oxfordshire in 1988/89, Thames Water has routinely monitored raw water at abstraction points on the Thames (Poulton and Colbourne, 1991) . Oocysts were detected infrequently from this source; only 6.7 per cent of samples were positive, with greater frequency in more rural areas. Drinking water was also monitored in the Thames Water survey, between February 1989 and April 1991, and oocysts were detected in only 13 samples. It has been suggested that environmental levels of oocysts are lower now than they were in the late 1980s in the UK, although this is not reflected in the incidence of cryptosporidiosis.
Sewage and agricultural run-off C. parvum infection occurs worldwide among livestock. Oocysts may be present in sewage discharges and agricultural run-off in a watershed. Sources of pollution include runoff from dairies, animal rearing facilities and grazing lands. The fertilization of land by the spreading of sewage sludge may be one cause of contamination of water courses and reservoir feeder streams, so polluting water supplies and food crops which are irrigated (Casemore, 1993) .
Up to 13,700 oocysts/litre have been detected in raw sewage (Madore et al., 1987) . Levels of up to 149,100 oocysts/litre in untreated lairage effluent of one slaughterhouse have been reported . In three US surveys in which agricultural contamination could be distinguished from human sewage discharge, the concentration of oocysts was almost twice as great in waters influenced by agricultural activities (Rose, 1990) .
Viability studies
There are few reports of viability assessment of oocysts detected in environmental samples. However, one such study from the USA (LeChevallier et al., 1991b) reported the presence of oocysts in drinking water (oocysts were observed in 27 per cent of samples), and concluded that despite their frequent detection, most of the organisms in the samples were not viable: only 32 per cent of the Cryptosporidium observed in the raw water samples in this survey contained sporozoites within the oocyst, so the majority of oocysts were not viable.
In one study it was reported that on occasions when there were detectable levels of Cryptosporidium in one Scottish water source (0.002 to 0.024 oocysts per litre), there was no increase in cases of cryptosporidiosis above background level . In this water source, viable oocysts occurred only rarely during the period when analysis was conducted; the majority of samples which contained sufficient oocysts for recovery and viability assessment did not contain viable oocysts. Unfortunately studies indicating the viability as well as the frequency and level of detected oocysts are less common.
Although oocysts are environmentally robust, from the few reported studies, it seems that only a small proportion of those detected in water sources are viable. Viability of water-borne oocysts is dependent on a number of factors including age and the destructive effects of slurry, sewage and water treatment processes . It is believed that sewage discharge and the run-off from cattle grazing land are significant sources of viable oocysts. Faecal matter may protect against dessication, but once in the receiving water, oocyst survival rates decrease (Campbell et al., 1992) .
Conventional treatment for potable water supplies
Although Cryptosporidium oocysts may be ubiquitous at a low level in the water environment (Lisle and Rose, 1995) , it seems that a significant health hazard arises only when a high local concentration of oocysts appears in the raw water source (Ives, 1990) . Outbreaks of cryptosporidiosis may result from a failure of water treatment if sufficient numbers penetrate the process. This may occur because of excessive challenge, e.g. the runoff of large amounts of water from farm land following heavy rain or deliberate or accidental dumping of slurry in water courses. Catchment control may therefore reduce the associated potential health risks.
Risk assessment
In the USA the introduction of the Surface Water Treatment Rule (SWTR) requires filtration and disinfection of all surface water supplies (criteria are also specified to determine if a system could avoid filtration technology). This rule was developed to control Giardia species and enteric viruses (LeChevallier et al., 1991a) . The USEPA used risk models to determine treatment goals. For giardiasis contracted from water, one case per year per 10,000 people is the water treatment goal in the SWTR.
A risk model for Cryptosporidium was used to analyse a data set from a finished water survey (Lisle and Rose, 1995) : the minimum concentration of oocysts which could be present in the finished water to meet an annual risk safety level of 1:10,000 was calculated to be < one oocyst per 34,000 litres. If a plant were to conduct monitoring on a daily basis, it was estimated that the occurrence of one oocyst per 34,000 litres for < 8-10 days would be within the annual goal limit. The EPA did not include Cryptosporidium in the rule because of the paucity of useful data, but it aims to include Cryptosporidium in the next series of regulations, the ESWTR.
It is obviously useful to be prepared to deal with problems by ensuring that effective methods exist for both the detection and reduction of oocyst levels at water treatment plants. Following the 1980 European Communities Drinking Water Directive (EEC, 1980) it is considered unacceptable for any pathogen to be present in potable waters. Thus it may be inappropriate within the UK to consider the development of potable water treatments which inactivate but do not remove oocysts . It is necessary to evaluate the range of possible techniques for their reduction/removal and also appreciate the significance of any changes in oocyst load in the water supplying a water treatment works. While it may be considered desirable to design and operate plants that guarantee 100 per cent oocysts removal during water treatment, this will not alleviate the incidence of infection where oocysts entered the water supply after it had been treated (Smith and Rose, 1990 ).
Chemical disinfection
Evidence from investigations following outbreaks indicates that oocysts can pass through conventional treatment processes and be resistant to commonly used disinfectants such as chlorine at concentrations which are effective for other water-borne pathogens (see Table I ). Oocysts exposed to undiluted household bleach (5 per cent NaOCl) for several hours were still capable of inducing infection (Daniel et al., 1994) and chlorine dioxide appears to be ineffective below a concentration of several mg/litre for 15 minutes contact time.
Flocculation and filtration
Effective flocculation and filtration during conventional water treatment will remove oocysts, but no single conventional treatment process is considered able to remove oocysts absolutely. The Second Report of the Group of Experts on Cryptosporidium in Water Supplies (Badenoch, 1995) indicates the value of slow sand filtration and suggests that coagulation control, the manner in which filters are reintroduced after backwashing and the monitoring of filtrate are important factors in oocyst removal in conventional chemical treatment plants. An appropriate sequence of unit processes operated in an integrated fashion (with good coagulation control and effective filtration) can reduce their number significantly to a low level of hazard (Ives, 1990) . Membrane filtration offers a physical barrier solution to the problem as oocysts are larger than the pores in a microfiltration system. However, membrane fouling is an inherent problem which is not easily overcome for long-term performance at treatment plants.
Outbreaks of cryptosporidiosis such as that which occurred in Jackson County, Oregon (Reid, 1992) , demonstrate the need for optimum performance of filtration treatment for surface water sources. At present there are no filter performance criteria for cryptosporidial oocysts and little data to use to make decisions regarding optimum water treatment practices for the organism (LeChevallier et al., 1991b) , but various studies have shown that rapid gravity sand filters may be 91 per cent efficient and slow sand filters more than 92 per cent efficient at retaining oocysts . While filtration efficiencies can be very high the small percentage of oocysts which cannot be removed may present a problem; unless they have been rendered non-viable during the treatment process . The difficulty with conventional filter media is that they cannot provide an absolute barrier to particles in the oocysts' size range so, despite the capture efficiency, there remains a finite chance of penetration (Gregory, 1994) . Currently it is considered that a removal of at least 99.99 per cent (4 log) should be achieved (Gregory, 1994) , but the majority of treatment plants are currently achieving only about 99.7 per cent (2.7 log) removal (LeChevallier, 1994) . LeChevallier et al. (1991b) observed that of treatment plants included in their USA study that were positive for Cryptosporidium, most were able to meet the SWTR turbidity requirement (average turbidity for sites that were "parasite positive" was 0.19 NTU cf. 0.18 NTU for those where no parasite was detected). The production of low turbidity water did not ensure that the plant effluent would be oocyst-free. However, the researchers demonstrated a significant correlation between the removal of turbidity and the removal of Cryptosporidium ( p < 0.01), with an improved relationship if data for a particular site were plotted. As a consequence of successful research, an appropriate surrogate, such as turbidity, may be used in future to reliably predict treatment plant performance in oocyst removal from drinking water (LeChevallier et al., 1991b) .
Turbidity surrogate
Water-borne outbreaks
Several water-borne outbreaks of cryptosporidiosis have been associated with public water supplies and documented in the UK (Badenoch, 1990; Joseph et al., 1991; Smith et al., 1989) and the USA (D'Antonio et al., 1985; Hayes et al., 1989; Leland et al., 1993; Reid, 1992) during the 1980s and 1990s. The sporadic nature of the outbreaks continues to concern both potable water suppliers and those involved in community healthcare.
A large water-borne outbreak of cryptosporidiosis occurred in Carrollton, Georgia, in 1987 and about 13,000 people were affected. Following their investigation of the outbreak, Hayes et al. (1989) attributed the by the equipment and procedures used to control water flow through the filters and monitor turbidity. 3 The filters were sometimes restarted without being backwashed. Despite the suboptimal flocculation and filtration, the treated water met the required standards for coliforms and turbidity.
As in the Carrollton outbreak, suboptimal performance during treatment was blamed for an outbreak in Jackson County, Oregon, in 1992 (Leland et al., 1993) . The outbreak affected about 15,000 people.
The Milwaukee outbreak
Approximately 400,000 people in Milwaukee, Wisconsin, were affected by an outbreak in early April 1993, with most illness associated with an area served by one of the two water treatment plants in the city. High turbidity finished water at the waterworks was blamed, indicating a breakdown in the filtration process although the treatment met existing quality standards (Fox and Lyttle, 1994; MacKenzie et al., 1994) . Treatment at the plant involves coagulation, flocculation, sedimentation, rapid gravity sand filtration and disinfection with chloramines. Six months prior to the outbreak the plant had changed the coagulant used from alum to polyaluminium chloride to raise the pH of the treated water. However, filter effluent turbidity had very high peaks (up to 1.7 NTU), and at the beginning of April alum was reinstated as the coagulant. The turbidity of the treated water peaked again on the 5 April 1993 to 1.5 NTU as the coagulant dosage was not adjusted by the current streaming monitor, due to improper installation. Also, the turbidity monitors for filtered water on the individual filters were not used. Turbidity measurements on water leaving the plant were taken only every eight hours.
Milwaukee draws its raw water from Lake Michigan. Three rivers that join in Milwaukee empty into the lake and the plume, together with spring runoff, crosses the intake for the treatment plant. Investigators were unable to implicate any source for the contamination incident, but cattle along the rivers, slaughterhouse discharge and human sewage are among the possibilities. No oocysts were detectable in the treated water sampled during the investigation (Journal of the American Water Works Association Update, 1993a), although ice-blocks made during the pertinent period were analysed subsequently and found to contain oocysts (MacKenzie et al., 1994) . Following the Milwaukee cryptosporidiosis outbreak, the treatment plant was shut down (because it was the suspected source of the outbreak) and was disinfected. Streaming current monitoring and continuous turbidity monitoring at each filter were instituted. There was no reuse of the backwash water at the plant following the outbreak investigation. A new goal of < 0.5 NTU was set for the finished water (Journal of the American Water Works Association Update, 1993b).
Common deficiencies
Most of the water-borne outbreaks have been associated with operational difficulties. Lisle and Rose (1995) have published a review of outbreaks in the UK and the USA. They noted that the Jackson, Carrollton and Milwaukee outbreaks in the USA had one or more of a number of deficiencies in common: 1 Lack of use of monitoring equipment. 2 Lack of response to problems in treatment monitoring. 3 Use of recycled backwash water. 4 Source of high concentration of oocysts in the vicinity of the raw intake, but no retention ponds. 5 Sources and concentrations of oocysts in watershed unknown prior to the incident. 6 Oocysts may have been flushed into water upstream by snow melt or heavy rain prior to the incident. 7 Increased levels of turbidity were noted in the finished water, following increases in the turbidity of the incoming water at a period when there was a likelihood of oocyst flushing from land to water source. The filtration processes were either altered or found to be suboptimal.
Swimming pools
It is interesting to note that several outbreaks of cryptosporidiosis have been attributed to municipal swimming pools in the UK (Joce et al., 1991) and the USA (McAnulty et al., 1994; . These incidents have been attributed to human faecal pollution.
Alternative treatments for elimination of Cryptosporidium
Effect of temperature
Oocysts are susceptible to disinfection by heat; infectivity is also lost when oocysts are frozen. A study on the effect of high temperatures on the infectivity of oocysts (Fayer, 1994) concluded that when water containing oocysts was heated to >72.4°C or higher within one minute, or when the temperature was held at > 64.2°C for two minutes of a fiveminute heating cycle, infectivity was lost, indicating that C. parvum oocysts in water can be rendered non-infectious when held for a relatively short time, for example, at temperatures which might be normally used to achieve pasteurization of foods.
Use of active oxygen species
Disinfection studies involving treatment by ozonation or chlorination at the doses currently used indicate that some oocysts are able to withstand such treatment (Table I) . Most chemical disinfectants currently in use are not effective against oocysts (Badenoch, 1990; Joseph et al., 1991; Rose, 1990; Smith and Rose, 1990) . As 100 per cent removal of particles is not possible using granular media filtration, complete treatment for removal of viable oocysts will probably require effective disinfection techniques. Those mediated by free radical attack may be the most feasible, but have not yet been demonstrated at a largescale plant.
One of the major drawbacks to the possible use of . OH generation for destruction of oocysts is that hydroxyl radicals are so reactive that they may not target the oocysts unless they are close to the site of generation (i.e. the . OH radicals may be "used up" before they reach the desired target). . OH reactivity is so great that these radicals react with whatever organic molecules they come into contact with, producing secondary radicals of variable, but lesser reactivity. Other free radicals, such as superoxide are less reactive and more likely to diffuse further from the site of production before causing damage. Superoxide radicals are good reducing agents but relatively weak oxidants. However, in the presence of transitions metal ions they may generate . OH radicals through the HaberWeiss Reaction (Halliwell and Gutteridge, 1989) .
Suitable methods of free radical generation
Methods which have been considered for water treatment systems include the use of UV light, hydrogen peroxide, photosensitizers, ultrasound and ozone. The potential to induce oxidative damage during the water treatment process through the intentional generation of reactive oxy-species which inflict fatal damage to microorganisms through radical-mediated attack on biopolymers is tremendous; indeed the success of established agents of disinfection such as ozone is dependent on the reactivity of unstable free radicals (Donnelly et al., 1994) .
Ozone
Ozone (O 3 )is a powerful oxidizing agent, e.g. causing peroxidation of lipids, much of the damage induced being free radical-mediated. Ozone is much less reactive and therefore more sensitive than the . OH radical; it reacts rapidly with only a few water pollutants (Sonntag et al., 1993) . Approximately half the ozone generated becomes . OH radicals which are involved in the indirect attacks on organic compounds. In aqueous solution much of the damage induced by O 3 occurs as the result of . OH formation, especially at alkaline pH values, although some damage may also occur in the range pH 6-8. O 3 reacts rapidly with a variety of organic molecules, including membrane lipids to produce radical species and it can thus stimulate lipid peroxidation. It also results in inactivation of membrane-bound enzymes and the formation of protein aggregates.
The composition of the water and other factors which are known to influence the disinfection mechanism should be taken into account when applying these data. The method of ozone dosing and the temperature of the water are likely to be pertinent factors when considering the application of ozone . At warmer temperatures, > 25°C, ozone is more effective in oocyst destruction (Table II) , probably because the oocyst wall becomes more permeable and therefore permits ingress of the disinfection agent.
Ultraviolet
When using UV treatment alone, wavelengths of approximately 260nm are believed to be the most destructive. In conventional UV disinfection systems, lights operating at 254 nm are often used for biocidal purposes. However, the UV intensity in conventional systems is not sufficient to cause photochemical effects, i.e. the formation of active oxygen species from molecular oxygen. For the inactivation of resistant oocysts of Cryptosporidium sp. more intensive treatment is necessary. It was demonstrated that an intensity of 80 mw.s/cm 2 per cent was insufficient for inactivation of oocysts (Ransome et al., 1991) . Another study, a study by Lorenzo-Lorenzo et al. (1993) , concluded that exposure of oocyst contaminated drinking water to UV light (15,000 mW/s) at a distance of 22cm required at least 150 minutes to ensure zero infectivity in mice following inoculation with the contaminated water. Sources capable of operating at lower wavelengths in the UV range may be more effective as free radicals can be generated.
Light of wavelengths between 150nm and 210nm is effective in causing photochemical effects, i.e. initiating chemical reactions as the lower wavelengths excite contaminants to a state where they are more easily oxidized and they are more susceptible to bond breakage. UV may contribute to advanced oxidation processes involving combinations of oxidants. For example, the effect of UV is enhanced by H 2 O 2 (i.e. there is a synergistic effect), since UV causes homolytic fission of H 2 O 2 producing . OH radicals. Alternative combinations include O 3 /UV, O 3 /H 2 O 2 and UV/O 2 (photocatalysis, e.g. using titanium dioxide). When titanium dioxide (e.g. as a white paint) is illuminated with UV light it oxidizes hydroxyl ions to extremely reactive hydroxyl radicals. These . OH radicals attack all organic compounds and result in severe damage. The combination of UV and a semiconductor (titanium dioxide) could preclude ozone generation and the provision of H 2 O 2 , although process and scale-up problems need to be overcome (Foster et al., 1991) . Titanium dioxide is non-toxic, insoluble (it may be immobilized on sand) and it is comparatively cheap. It is available in forms which exhibit high photoactivity.
Ozone decomposed by UV light is primarily converted into hydrogen peroxide which is a very weak oxidant. Hydrogen peroxide formed initially from UV photolysis may initiate further decomposition of ozone into . OH radicals, especially at higher pH values, where it reacts faster with ozone and at lower UV intensities, where photolysis becomes slower, so that residual ozone is exposed to the action of the hydrogen peroxide during an extended process time (Hoigne and Bader, 1987) . Both ozone/UV and ozone/hydrogen peroxide processes result in the formation of residual hydrogen peroxide which may act on labile chemicals present in the water and interfere with any forthcoming disinfection process since it reduces chlorine and shortens the lifetime of ozone (Hoigne and Bader, 1987) .
Ultrasound
Sonolysis can be used to disrupt biological contaminants in water as microbial cell walls are susceptible to the high-speed penetration of small cavitation microbubbles, resulting in the leakage of the cell contents (Mason and Lorimer, 1988) . If the ultrasound is applied to water at a sufficient intensity then a great deal of damage in organic materials can be induced via the generation of free radical species, including . OH radicals. These radicals are produced as a consequence of the enormous instantaneous increases in local temperatures and pressures as the cavitation bubbles collapse. Thus, exposure to the excessive heat or formation of radicals through the use of power ultrasound can mediate extensive destruction of organic material, including biopolymers, in the water.
The ultrasonic intensity at which acoustic cavitation will occur in a liquid depends on its purity, the gas content, previous ultrasonic and pressurization history, ambient temperature and pressure, ultrasonic frequency and pulsing characteristics and the configuration of the ultrasonic field. As the ultrasonic frequency is increased, a higher intensity is required to produce cavitation. The acoustic pressure required to produce cavitation in water decreases as the gas content is increased. Studies in our laboratory using a pilot-scale power ultrasound device indicate that a three or four log reduction in viable oocysts can be easily achieved using sonication, but power costs are high (greater than 50 pence per cubic metre of water).
The use of ultrasound plus ozone (sonozone) for water treatment has been considered (Dahi, 1982) pre-treatment, as well as simultaneous sonication treatment, is able to bring about a synergistic action with ozone; thus the ozone dosage required may be effectively reduced, although in certain circumstances the combinatory effects may be only additive or even antagonistic. The synergism arises as the ultrasonic irradiation of dissolved ozone increases the autodecomposition of ozone significantly, by increasing production of free radicals. Also, ozone reactions may be accelerated because of the local heat and pressure effects of cavitation (Sierka and Amy, 1985) . Seventy per cent of the ozone dosage required for three log inactivation, and 80 per cent of the ozone dosage required for four log inactivation by gaseous ozone alone could be saved by the simultaneous application of ultrasound.
Concluding remarks
From current information about Cryptosporidium and water supplies ascertained during investigations of outbreaks, it seems that concentration on improvements through alteration of treatment parameters can result in a reduction in the number of viable oocysts (by two or three logs) and this is beneficial, and possibly adequate, at most times in the year. However, to produce water that will meet a theoretical goal of an annual rate of infection less than 10 -4 , it has been estimated that, in the USA at least, suppliers will need to provide 5 or even 6 log of treatment (LeChevallier, 1994) .
During the past few years, the water industry has worked towards optimizing conditions both for the use of both coagulating and flocculating agents and for filtration methods to aid oocyst removal. Review of the documented outbreaks indicates that major improvements can be made in suboptimal treatment processes to reduce the numbers of viable oocysts in drinking water supplies, particularly by maximizing filtration efficiency. It is important to assess the value of altering individual process treatments and parameters in the light of information from risk assessment.
Water suppliers continue to receive adverse publicity as outbreaks in the community or the issue of notices to boil water continue to cause difficulties. There is a need to conduct further research which resolves the problem of Cryptosporidium removal from supplies during treatment. We should consider that other less well known water-borne protozoan parasites may also become a focus of attention in future years, so perseverance and success with techniques for Cryptosporidium elimination from water supplies is likely to have further reward.
